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For several years, a major research goal of our laboratory has been 
the developnent of non-destructive spectroscopic techniques designed to 
study the mlecular structure present in whole ccal mcerals. a r  inter- 
est in this grows from our desire to know in more detail the microscopic 
structure of the organic components in coal in order to better determine 
the effects of various coal beneficiation technologies (e.g. various 
desulfurization techniques) on that structure. In this paper we wish to 
report on our progress using one very prdsing approach - Electron Spin 
Echo (ESE) spectroscopy. We will first briefly review the ESE technique 
and then present results obtained from Illinois #6 whole coal. 

l3AammQ 

The physicdl and chemical characterization of whole coal by spectre 
wpic techniques presents several challenging problems. As Retcofsky 
points out in a good review of the applications of various spectroscopies 
to the coal system, the opaque, relatively non-volatile and insoluble 
nature of whole ccal renders it a poor sample for conventional visible, 
W, &man, and IMSS spectrometry [I]. ks a corwiquence of these difficul- 
ties, it has been customary to dissolve, extract, or volatilize coal prior 
to studying its atomic and molecular structure, and these pre-spectroscopic 
treatments have been shcun to produce materials for examination that no 
longer represent the state of affairs in the whole coal itself. Magnetic 
resonance techniques (NMR, EPR, BE, ENoaw) are not adversely effected by 
coal's physical properties, however, and these spectroscopies have played 
a role of ever increasing importance in coal characterization since 1954 
when the first EPR spectrum of coal was obtained [2,31. III particular, we 
know that new methods of performing the EPR experiment in the time domain 
hold exciting promise for the elucidation of the atomic and molecular 
structure of whole coal. 

Electron Paramagnetic Resome (El%) looks at the energies associ- 
ated with the magnetic dipole transitions of unpaired electrons. m coal, 
these unpaired electrons most often are associated with naturally occur- 
ring free radicals, which are present in all Illinois d s .  W e  the 
stable free radicals in coal are interesting in themselves, they are of 
imprtance to our work i n  that they act as probes of the atomic environ- 
ment in which they find themselves. Because of electron-nuclear dipole 
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interactions, the unpaired electrons "report" on the distance and orienta- 
tion of neighboring nuclei with non-zero nuclear dipole moments ( * .e. I # 
carton ( 3c), and sulfur ( SI. ~ h u s  EPR is, in principle, able to give 
detailed information concerning the structure 05 coal. %e excellent 
sensitivity of EPR (it can observe as few as 10 unpaired spins under 
favorable conditions) and the fact that it can be observed while 
subjecting coal to thermal and chedcal treatments are other key benefits 
of stuaying coal by this spectroscopic technique. 

In order to illustrate the main features of EPR spectra, and to gain 
insights into the characteristics of the EPR spectra from coal, let us 
consider a specific example. Figure 1 shows the Em( spectrum of a radical 
believed to occur naturally in coal[4]. 'his condensed ring aromatic, 
perylene, has three magnetically inequivalent protons which  give rise to 
the complex and uniquely characteristic spectrum through their interaction 
with the unpaired electron of the radical. The excellent resolution of 
all the energies of interaction is due to the fact that the ion is freely 
tlnnbling in solution. If the species is imnobilized by adsorption on a 
solid, a spectrum like that shown in Figure 2 results. Note that much of 
the resolution (detail) has disappeared. This spectrum no longer exhibits 
enough resolved information to identify the structure of the species giv- 
ing rise to it; we will need somehcw to extract the now unresolved infor- 
mtion. 

before EPR can be used to probe the atomic and molecular structure of 
coal. A new technique needs to be employed to resolve the important 
structural information that is obscured by so-called i n h q e n e o u s  broab 
ening and various anisotropic interactions usually averaged to zero when 
the species are tumbling rapidly in solution. We have recently 
demonstrated that Electron Spin Echo spectroscom (ESE) does, in fact, 
achieve this spectral resolution of the structural detail (hyperfine 
structure) from radicals in coal. 
spectrum of the adsorbed perylene radical showing the resolution of all 
three proton hyperfine couplings, including the weakest (about 2 MHz) , 
which m o t  be resolved by cw EPR [5]. This spectrum has the same format 
as an ENDOR spectrum, i.e. 

0 nuclei1 through the Em spml. Such nuclei include hydrogen ( i HI , 

%is example illustrates the k e y  problem that needs to be addressed 

Figure 3 is a Fourier transformed ESE 

fi(=) = f(prot0n) f (Ai(/2, 1) 

here f i ( m )  is the frequenp of the ith 
the precessional frequency of H at the magnetic field of the experiment !& this case f (proton) = 13.9 MHz) and 1 Ail is the absolute value of the 
1 

transition, f(proton) is 

proto hyperfine coupling constant. In Figure 3, only the frequencies 

INEcLK)sP- 

below the 9 H precessional frequency are sham. 

Although the ideas behind ESE techniques are as old as magnetic reso- 
nance itself (1946), the general application of spin echo methods to para- 
magnetic systems has occurred in only the last  few years with the advent 
of very high speed digital electronics under computer control. Unlike the 
familiar continuous wave (cw) EPR experiment, which has been available in 
comrcial instrumentation for nearly 20 years, FSE spectroscopy is not 
yet comnercially available, and only a dozen or so laboratories ulroughout 
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the world currently perform the experiment. mr an excellent review of 
the theory and early applications of ESE spectroscopy, the book by Kevan 
and Schwartz is reccBtmMded [61. 

Unlike cw EPR, ESE is a pulsed microwave experiment. Very short mi- 
crowave pllses excite the paramagnetic spin system, and the time evolution 
of the magnetization is monitored. Certain pulse schemes, characterized 
by the n d r  of degrees the magnetization vector is timd by each wise, 
are k n m  to generate a strong instantaneous magnetization in the sample 
following the sequence. Typical pulse schemes known to induce this re- 
phasing or "echo" effect are 90' - 'P- 180' (Hahn echo sequence) and the 
goo - t - 900 - T - goo (stimulated echo sequence). we have found the 
latter (stirdated echo) sequence to be mst useful in our coal work. The 
sequence is diagramred in Figure 4. 

ESE spectroscopy has many advantages over the more conventional CN 
EPR. Chief among the advantages for our coal work is that the technique 
my be used to obtain spectra which resolve hyperfine structure that is 
obscured in cw spectra by inhomogeneous line broadening. In order to 
understand how ESE can be made to acconplish this task, let us look at the 
characteristics of the information obtained in the experiment. 

In a typical stimulated echo experiment done on mal, the time inter- 
val & between the first and second 90' pulse is set at a fixed value dur- 
ing the experiment, while the interval 
@ses is increment& in steF6, as shown in Figure 5. The amlit& of 
the echo induced by the sequence is measured as a function of the delay 
t ime T between the second and third pulses. In the absence of any inter- 
actions between the unpaired electrons being observed and neighboring 
nuclei with non-zero magnetic nments, the variation of the echo amplitude 
V with the delay the 

between the second and third 

is given by the simple exponential function: 

where T is the phase memory time of the individual spin packets. The 
exponential decay curve describing the echo amplitude as a function of T 
is called the electron &JJ echo envel- 

If our unpaired spins experience hyperfine interactions with neigh- 
boring nuclei, these interactions will manifest thewelves as modulation 
patterns in the FSE envelope. "his phenomenon is thus known as &?ctrm 
min g& envelorx -at ion (ESEEM!.  or an S. 1/2 system with isotropic 
g-values (a very good approximation m the case of coal) and two hyperfine 
interactions characterized by frequencies fa and fb, the EsEpl pattern 
compensated for echo decay is given by: 

In this expre sion, k is the so-called modulation depth parameter,.propor- 
tional to B;' in the limit of gpall hyperfine interactions (Bo being the 
value of the static external magnetic field). 
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What makes the EsEQll effect so important to us is that a Fourier 
transform of the ESEP~ pattern results in a frequency dorain spectrum 
exhibiting linewidths that are characteristic of individual spin packets 
rather than of the entire envelope of spin packets camprising the inhomc~ 
genWusly broadened lines observed by cw EPR. Since the modulation fre- 
quencies can be analyzed in an ENDOR-like theory, this technique provides 
us with a potential way of resolving the hyperfine interaction energies 
nOrmally obscured in the rn spectra of whole coal. This information, in 
turn, allows us to study the environment experienced by radicals in coal, 
giving us a route to explore the atomic and molecular structure of whole 
coal. ~n exauq$e of a Fourier transformed EsEEM data set for the coal 
model system of perylene on alumina was shown in Figure 3. 

(Xlr typical experimental procedure when working on coal is to first 
carefully evacuate samples that have been ground to 50-100 mesh (although 
we have performed ES% experiments on large fragments). we have noticed 
that the presence of adsorbed oxygen has a significant effect on %, re- 
ducing it by more than a factor of two and making the experiments more 
difficult to perform; we have reported similar effects of oxygen o ENww 
spectra of coal [T I .  m l e s  evacuated to pressures less than 1O-e  Torr 
for several days are then sealed in quartz glass tubes for study. Experi- 
ments typically are performed at liquid helium temperatures in order to 
make !$, and T1 as long as possible. A typical ESER4 result from an 
Illinois 116 codl is shown in Figure 6.  

overall envelope is quite d 1 .  %is is true for all coal samples. Since 
the signal-to-noise of the Fourier transformed spectrum is proportional to 
the rrodulation depth, we seek always to find ways to inprove this feature 
of our ESE work. One obvious approach to inprove matters is to recall 
tha k, the rrodulation depth parameter from Equation 2, is proportional to 
Bo-’. The spectrum shown in Figure 6 was taken at Bo = 3400 G. on the 
spectrometer built by Norris and Bowman at ANL. We currently are building 
a spectrometer operating at Bo = 1000 G. This instrument should improve 
the SFEM amplitude by a factor of 10, and will be much better suited for 
the special characteristics of coal samples. 

One can see in Figure 6 that the depth of the EZEM pattern on the 

The result of a stinulated echo experiment performed on m e r e d  
Illinois 116 coal was illustrated in Figure 6.  Information on the proton 
hyperfine coupling constants of the species under observation now is pres- 
ent in the form of different periods of mdulation that comprise the EsEEM 
pattern. In order to extract this data, the overall echo envelope may be 
simulated, making use of equations similar to that given in Equation 3. 
Alternately, the echo envelope decay function can be subtracted from the 
data and the remaining ESEEM function can be Fourier transformed to gener- 
ate a frequency dcaMin spectrum similar to that obtained from a cw ENDOR 
experiment. lbe advantage of the latter data processing route is that the 
result is in a familiar spectral fomt; one difficulty is that the qli- 
tudes and phases of the spectral lines obtained in this way may be very 
unreliable. 

~ecently, Wkhuijsen, et. al. pblished a technique for analyzing 
ESm data that m y  corbine the best features of both the swation and 
FT approaches [E l .  Called LPSVD (linear prediction singular value 
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decanposition) , the analysis f i r s t  sirrmlates the ESm data using a linear 
conbination of exponentially d a q d  sinusoidal functions. The frequency, 
amplitude, TM, and phase data for each component is then used t o  construct 
a new data set which then may be Fourier transformed t o  give a 
"noisefree" frequency domain spectrum. we currently are studying this 
analysis technique, and a mre  efficient variation of it called LFQRD 191. 
Figure 7 i l lustrates  the result of processing the ESEEM data of Figure 6 
by the LFQRD method. 

Analysis of the spectrum sham in Figure 7 is by the standard ENK)R 
fornuila given in  Equation 1. For proton couplings, we expect t o  find pairs 
of lines symnetr idly positioned about the free precessio frequency of 

pairs of lines are indicated by the brackets marked %, %, and corre- 

peak without the conplimentary high frequency partner is also seen, 
indicating another coupling cons?$ of 2.8MHz. In addition t o  these lines, a 
l ine =ked with an arrm labeled shown. This resonance a p  
pears a t  the free precessional frequency ofY3C, and may be due to  th i s  
isotope of carbon. 

Kevan and colleagues were the f i r s t  t o  publish ESE spectra of whole 
coal, and they dyns t r a t ed  the power of the technique by analyzing the 
lineshap of the H resonance (called the proton matrix line) [lo]. m, 
and later Doetschman, have reported ESE results in  which proton hyperfine 
couplings of 4.8 and 14.0 MHz were seen in a low sulfur Pittsburgh 
bituminous coal [11,12]. Such hyperfine constants are consistent w i t h  
protons in conjugated aramatic molecules, and provide direct evidence for 
the existence of such species in whole coal. mey also are in  good 
agreement with the constants measured by Wtcofsky, et. al. using EMx3w 
s p e c t r o q  on several Pennsylvania coals 1131. 

Not  only can ESE spectroscopy obtain information about the molecular 
structure of organic corrpounds in  coal, it can probe their environment. 
Figure 8 shom the IMgnetic field dependence of the amplittide of the 12.4 
ME32 coqcnent of the  FSEEM pattern. It represents an necho-inducedn EPR 
spectrum of an I l l inois  #6 coal. The unique shap  is due to a phenommn 
called instantaneous diffusion, and can be related to  the amplitude of the 
dipolar f ie ld  experienced by an unpaired electron due t o  neighboring u w  
paired electrons [14]. Bowman and Clarkson have analyzed this effect and 

the proton, f (proton) , which is marked by an arrcw labeled YP H. Three such 

spending to  coupling constants of 8.0, 14.7, and 17.9 MBz. A low 9, requency 

C is al 

w i t h  a radical concentration of 5 , quite close t o  the average value EpR masurement of 1 x 

Figure 9 i l lustrates the f ie ld  dependence of two different frequency 
Components of the ESEPI data from the Il l inois 16. As we have already 
Seen, the 12.4 MEk colrponent has a l ineshap characteristic of instantare 
ous diffusion. The 2.9 MEz peak, on the other hand, does not exhibit this 
effect, indicating that it arises fran a coal maceral nf 

io  . The centers of the two spectra do not coincide, further 
indicating that the two signals have d i f f e r m  a-valw. The g-value dif- 
ference between the  two peaks, og, is nearly 0.001. Assuming that the 
principal mechanism for differences in g-values is the variation in  
heteroatom (OtN,S) content in  different macerals, this data is consistent 
with a picture indicating that the 12.4 MHz coupling constant arises from 
a radical i n  a maceral with a significantly higher heteroatom content than 
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that found in the mceral corkahbig the 2.9 MIiz species. Such ohe* 
tiom lead us to hope that in the future, EsE data can help US to &*lap 

ifis information about the molecular forms present in whole 
cwl. - 
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